Observations of fast TeV γ-ray flares from blazars reveal the extreme compactness of emitting regions in blazar jets. Combined with very-long-baseline radio interferometry measurements, they probe the structure and emission mechanism of the jet. We report on a fast TeV γ-ray flare from BL Lacertae observed by VERITAS, with a rise time of about 2.3 hours and a decay time of about 36 minutes. The peak flux at >200 GeV measured with the 4-minute binned light curve is (4.2 ± 0.6) × 10 −6 photons m −2 s −1 , or ∼180% the Crab Nebula flux. Variability in GeV γ-ray, X-ray, and optical flux, as well as in optical and radio polarization was observed around the time of the TeV γ-ray flare. A possible superluminal knot was identified in the VLBA observations at 43 GHz. The flare constrains the size of the emitting region, and is consistent with several theoretical models with stationary shocks.
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Introduction
Some TeV blazars exhibit fast γ-ray variability, the timescale of which can be as short as a few minutes at very high energies (100 GeV E γ 100 TeV; VHE). Such variability has been observed in several BL Lac objects, including the prototype BL Lacertae (BL Lac hereafter) [1] , located at a redshift of z = 0.069 (an angular scale of ≈ 1.3 pc/mas).
Long-term monitoring of BL Lac indicates that the source is not detectable in the TeV γ-ray band except during flaring episodes, the most recent of which exhibited a flux of ∼125% of the Crab Nebula flux (C. U.) above 200 GeV with a fast variability timescale of 13 ± 4 minutes in 2011 [1] .
BL Lac exhibits both stationary radio cores/knots and superluminal radio knots [e.g. 2, and references therein]. Possible associations between the variability of superluminal radio knots and γ-ray flares have been investigated for the source [3, 1] .
On 2016 Oct 5, the Very Energetic Radiation Imaging Telescope Array System (VERITAS) observed a sub-hour TeV γ-ray flare from BL Lac. A series of observations with the Very Long Baseline Array (VLBA) were taken at 43 GHz and 15.4 GHz over the span of a few months, revealing that a possible knot structure emerged around the time of the TeV γ-ray flare. In this work, we report on the results of the aforementioned and other MWL observations, and discuss their implications.
Observations, Data Analysis, and Results

VERITAS
VERITAS is an array of four imaging atmospheric Cherenkov telescopes located in southern Arizona [see e.g. 4 , for details]. BL Lac was observed at an elevated TeV γ-ray flux by VERITAS on 2016 Oct 5, with an exposure of 153.5 minutes after data quality selection. The data were analyzed using two independent analysis packages and pre-determined cuts optimized for lowerenergy showers. A detection with a statistical significance of 70.7σ was made from the data of that night, with a time-averaged integral flux above 200 GeV of (2.24 ± 0.06) × 10 −6 photons m −2 s −1 . Figure 1 shows the VERITAS light curves of BL Lac on 2016 Oct 5 with 4-minute and 30-minute bins. The measured peak flux of the 30-minute binned light curve is (3.0 ± 0.2) × 10 −6 photons m −2 s −1 , corresponding to ∼125% C. U., and that of the 4-minute binned light curve is (4.2 ± 0.6) × 10 −6 photons m −2 s −1 , or ∼180% C. U.
To quantify the rise and decay times of the TeV flare, we fitted the VHE γ-ray light curve with a piece-wise exponential function F(t) = F 0 e −|t−t peak| /t var , where F 0 is the peak flux, t peak is the peak time, and t var is the rise or decay time.
The best parameters and their 99% confidence intervals were determined using Markov chain Monte Carlo (MCMC) simulations, and are shown in Figure 1 . The rise and decay timescales of the flare are determined to be 140 +25 −11 minutes and 36 +8 −7 minutes, respectively. Further VERITAS observations of BL Lac were taken on Oct 6 and from Oct 22 to Nov 19 with 37.6-minute and 294.6-minute live exposure after data quality selection, respectively, neither of which led to a detection of the source. The integral flux upper limits >200 GeV at 99% confidence level on Oct 6 and between Oct 22 and Nov 19 were 2.0 × 10 −7 and 2.8 × 10 −8 photons m −2 s −1 , respectively, assuming a power-law spectrum with a photon index of 3.3. Motivated by the existence of multiple radio emission zones identified in VLBA data (see Subsection 2.5), we also fitted the light curve with a model including a constant flux baseline. In a multi-zone model, it is possible to have a larger emitting zone that varies slowly and can be adequately described by a constant baseline on the timescale considered, and a smaller, more energetic zone that is responsible for the fast flare described by the exponential components. With the more complex model, the best decay time is only 2.6 +6.7 −0.8 minutes, with a baseline flux of 1.2
The baseline flux is higher than the upper limit obtained from the observations taken the following day, indicating the potential slower component varies on the timescale of ∼1 day, consistent with the GeV observations. We note that with our limited statistics it is not possible to unambiguously reject either model.
A power-law fit to the VERITAS spectrum of BL Lac yields a χ 2 dof value of 34 and a bestfit photon index of 3.28 ± 0.04, insufficient to describe the data. A log parabola model with a fixed pivot energy of 0.2 TeV fits the VERITAS spectrum better:
, with a χ 2 dof value of 1.6. Both the observed and the de-absorbed TeV γ-ray spectra are shown in Figure 2 in the νFν representation.
Fermi-LAT
The Large Area Telescope (LAT) onboard the Fermi satellite is a pair-conversion γ-ray telescope sensitive to energies from ∼20 MeV to >300 GeV [5] . An unbinned likelihood analysis was performed with the LAT ScienceTools v10r0p5 and Pass-8 P8R2_SOURCE_V6_v06 instrument response functions, between 100 MeV and 300 GeV within 10 • from the position of BL Lac. As shown in the light curve in the first panel of Figure 3 , BL Lac was in an elevated GeV γ-ray state when the TeV flare occurred. Its GeV flux varied by a factor of ∼2 on a ∼1 day timescale.
The GeV γ-ray SEDs strictly simultaneous with the TeV flare, as well as over a three-day interval around the time of the flare, are shown in Figure 2 
Swift XRT
The X-Ray Telescope (XRT) onboard the Swift satellite is a grazing-incidence focusing X-ray telescope sensitive to photons in the 0.2-10 keV energy range [6] . Swift followed up on BL Lac on 2016 Oct 6, 7, and 8, and no other observations were made in the one-month period around the time of the VHE flare. The XRT data, taken in the photon counting (PC) mode, were analyzed using the HEAsoft package (v6.19). Pile-up correction was necessary for data taken on 2016 Oct 7 and 8, and annular source regions with inner radii of 4 and 2 pixels, and outer radius of 20 pixels were used. The observations on Oct 7 consisted of two intervals of duration 486 seconds and 1422 seconds, the latter of which was discarded as a sustained dark stripe near the position of BL Lac contaminates the XRT image.
The X-ray spectrum was fitted with an absorbed power law model (po * wabs), and then deabsorbed with the best-fit neutral hydrogen column density values. The de-absorbed X-ray SEDs of BL Lac on 2016 Oct 6, 7, and 8 are shown in Figure 2 . The X-ray emission from the source was the strongest and hardest on 2016 Oct 7 (two days after the TeV γ-ray flare) compared to the day before and after. The energy flux values on the three nights were (1.4 ± 0.1), (14.2 ± 0.9), and (1.1 ± 0.1) ×10 −11 ergs cm −2 s −1 , as shown in the second panel of Figure 3 .
Optical facilities
BL Lac was monitored in R band at a high cadence by a number of optical facilities, including the Steward Observatory [7] 1 , the AZT-8 reflector of the Crimean Astrophysical Observatory, the Perkins telescope 2 , the LX-200 telescope in St. Petersburg, Russia, and the Calar Alto Telescope under the MAPCAT 3 program. The R-band flux and polarization measurements around the time of the VHE γ-ray flare are shown in Figure 3 . The lower three panels show the R-band magnitude, polarization fraction, and electric vector position angle (EVPA), respectively. A 180 • shift is added to all the EVPA measurements after MJD 57662, so that the difference between adjacent EVPA measurements is minimized. An increase in the R-band flux, accompanied by a decrease of the optical polarization fraction and a deviation in the EVPA by ∼90 • were observed from the source a few days before the VHE flare. Such behaviour is consistent with the emergence of a radio knot observed by VLBA described below.
VLBA
BL Lac was observed throughout the period of interest at 43 GHz with the VLBA under the VLBA-BU-BLAZAR monitoring program [8] and at 15.4 GHz under the Monitoring Of Jets in Active galactic nuclei with VLBA Experiments (MOJAVE) program [9] , the data calibration and imaging procedures of which were identical to those described by [10] and [9] , respectively. • between the jet axis and line of sight [11] .
As was the case in earlier observations [10, 1, 12] , the main structure of the compact jet consists of three quasi-stationary brightness peaks, designated as (from north to south) A0 (used as the positional reference point), A1 0.12 mas to the south, and A2 0.30 mas to the south. The locations of A1 and A2 appear to fluctuate as moving emission features with superluminal apparent veloc- ities pass through the region. This combination of moving and stationary emission components complicates interpretation of the changing total and polarized intensity structure. Therefore, the interpretation that we offer to explain the variations seen the images is not unique.
A knot of emission with enhanced polarization, designated as K16, appears to propagate down the jet. It moves by 0.23 mas between October 23, when its centroid is ∼ 0.05 mas south of A0, and December 23, when it is 0.28 mas from A0. This corresponds to an apparent speed of 6c, within the range typically observed in BL Lac [1, 3, 10, 11, 12] . Extrapolation back to October 6 places the knot 0.01 mas north of the centroid of A0, within the A0 emission region given its angular size of 0.03 ± 0.02 mas [11] . This interpretation implies that the VHE flare occurred as the knot crossed the "core," which has been interpreted as a standing shock located ∼ 1 pc from the black hole [3] .
The VLBA images at 15.4 GHz reveal the evolution of jet structures further away from the central source on a larger spatial scale compared to the 43 GHz images, as a result of a steep spectrum of optically thin synchrotron emission of outer jet regions. Figure 5 shows that the fractional polarization of the stationary core of BL Lac at 15.4 GHz suddenly dropped on 2016 Dec 26, and gradually increased in the two epochs afterward. A small region with enhanced polarized intensity and distinct EVPA south of the core appeared on Dec 26, which may correspond to the knot K16 observed at 43 GHz. However, we note that there is no indication of the same region in the total intensity map at 15.4 GHz.
Discussion
For the second time, a fast TeV γ-ray flare from BL Lac was observed coincidentally with the appearance of a candidate superluminal radio knot. This suggests a possible association between the fast VHE γ-ray flare and the appearance of the superluminal radio knot for the source, similar to that reported by [1] .
The fastest timescale of a flare (in this case the decay time) can be used to put an upper limit on the size of the emitting region, as R ≤ ct decay δ /(1 + z), where c is the speed of light, z is the redshift of the source, and δ is the Doppler factor of the jet 4 . Taking the values of the mass of the central black hole M BH ∼ 3.8 × 10 8 M [13] , the Doppler factor δ ∼24 [2] , and the best-fit t decay = 36 +8 −7 minutes, the upper limit of the size of the emitting region is estimated as R 11.9R s , where R s is the Schwarzschild radius.
The decay time of the observed VHE γ-ray flare was faster than the rise time. This is uncommon and may be caused by an abrupt stop of the high-energy particle injection [see e.g. 14]. The enhancement in the GeV γ-ray and X-ray flux of BL Lac contemporaneous with the TeV flare provides evidence for strong activity of the relativistic particles in the jet, but not enough information for any abrupt stop.
In the model proposed by [15] , the radio core is a structure containing a conical shock, perhaps with a Mach disk at its apex, downstream of the base of the jet. Turbulent cells of plasma first pass through the conical shock, where electrons are accelerated. The plasma then passes the Mach disk, where a fast γ-ray flare can happen via inverse-Compton scattering. After the Mach disk, a conical rarefaction can cause the plasma flow to expand and accelerate and appear as a superluminal radio knot. Polarization changes including a drop in the polarization fraction (due to the new magnetic field of the passing plasma cancelling that of the stationary core) and a swing in the polarization angle (as the passing plasma becomes brighter and dominant over the stationary core) are predicted in a similar model [16] . This is consistent with the optical polarization measurements from shortly before the VHE γ-ray flare, as well as the VLBA images at 43 and 15.4 GHz afterward.
An alternative explanation of both the VHE γ-ray flare and the superluminal radio knot of BL Lac is the breakout of a recollimation shock zone [2] . In this model, a stationary knot can be carried away by the relativistic underlying flow and become a superluminal knot. During this process, a magnetic reconnection event can occur, leading to the observed fast flare. In the case of the 2016 flare of BL Lac, there is no evidence for the disruption or breakout of a stationary knot. Although it is possible that the recollimation zone reformed quickly between VLBA epochs and therefore wasn't sampled by the observations.
